This paper describes the climatology and interannual variability of dynamical quantities and ozone mixing ratios during the southern hemisphere spring. Analyses are made mainly for 6 years, from 1979 to 1984, September through December, using the temperature and geopotential height data provided by the National Meteorological Center (NMC) and the ozone mixing ratio data derived from the solar backscatter ultraviolet (SBUV) instrument on board the Nimbus 7. The seasonal variation of temperature in the southern hemisphere lower stratosphere is rather repeatable, indicating that means over a few years should provide a useful estimate of the climatology. The zonal mean quantities show that the coldest temperatures and zonal winds move poleward and downward from September through November, probably in response to wave forcing. A steep decrease in zonal mean ozone mixing ratios is observed around 60 ø S toward the south pole in September. With time, this high-latitude ozone minimum (or "ozone hole") gets shallower in association with minor warmings and a final warming. Climatological synoptic charts in the lower stratosphere show the circumpolar circulation in the geopotential height field and a prominent planetary wave 1 in the temperature and ozone fields. The phases of the temperature and ozone waves in the lower stratosphere are very similar. The year-to-year variations of the ozone mixing ratio at high latitudes is related to that of the wave activity during the winter and spring. When the wave activity is vigorous, there are weaker westerlies, higher temperatures and higher ozone mixing ratios at high latitudes. The seasonal evolution and the year to year variation appear to be clearly related to wave activity. It is possible that the long term changes in the lower stratosphere are also related to a long-term trend in wave activity, although the evidence is not clear. Because the wave activity in 1979 was very vigorous, a simple comparison of atmospheric states between the 1979 and other recent years could lead to misleading conclusions on the rate of ozone decrease over the Antarctic. A long-term chemical effect is not precluded.
INTRODUCTION
Recently, a remarkable decrease of total ozone has been observed during springtime (September and October) at polar latitudes of the southern hemisphere. Farman et al. [1985] first reported the decrease detected by ground-based observations at Halley Bay (76øS, 27øW), which have been made since 1957. Prior to this, Chubachi [1984] had pointed out that the total ozone observations at Syowa station (69øS, 40øE) recorded the lowest values in September and October 1982 since 1966. By using satellite-borne measurements from the solar backscatter ultraviolet (SBUV) instrument and the total ozone mapping spectrometer (TOMS) on board Nimbus 7, $tolarski et al. [1986] have confirmed the decrease of total ozone for seven years from the launch of Nimbus 7 (1978) to the most recent spring data available (1985) , and have shown the phenomenon to be of continental size.
The springtime is also an interesting season because of the dynamical evolution of the stratospheric circulation in the southern hemisphere. Unlike the northern hemisphere, southern hemisphere wave activity is vigorous during the spring [Hirota et al., 1983; Shiotani and Hirota, 1985] . Using satellite data, many authors have studied the stratospheric circulation in the southern hemisphere [e.g., Harwood, 1975; Hartmann, 9 levels' 100, 70, 50, 30, 10, 5, 2, 1 and 0.4 mbar. The profile data were then interpolated to 5 ø latitude circles for latitudes < 80 ø and mapped using a Kalman filter estimation procedure [Rodgers, 1977 ' Kohri, 1981 ] to yield a zonal mean and coefficients for 6 longitudinal waves.
The backscattered radiances provide little direct indication of the ozone mixing ratios below 10 mbar, in part because of the complicating effects of multiple scattering. In the archival ozone profiles, information at these levels is obtained from the observed total ozone, the column amount above 10 mbar, and regression relationships based on ozone distribution observed by balloon-borne instrument. While this procedure provides plausible values under conditions which are similar to those for which the statistics were developed, they can result in highly improbable values in the Antarctic spring . For these reasons we have used the ozonesonde data from the Syowa station to develop regression equations to estimate the high latitude (> 60øS) ozone mixing ratios at levels from 30 to 100 mbar, using SBU¾ total ozone and 10-mbar mixing ratios, and NMC temperatures as predictors. Figure 1 shows line plots of the estimated SBU¾ data interpolated to the same latitude-longitude location as Syowa station, compared to the ozone observations at Syowa (marked by S) at 30 and 50 mbar from September to December 1982.
The corrected SBU¾ data are in reasonable agreement with the Syowa observations. There is similar agreement at 70 and 100 mbar. There is also good agreement on individual profiles.
The SBU¾ 10-mbar data agree well with the Syowa soundings. In November and December the Syowa observations show large variations, because it is a season of the circulation reversal, when the ozone field might be spatially very variable.
To estimate the wind field we used balanced winds instead of geostrophic winds. Robinson [1986] pointed out that the momentum flux and its divergence calculated from the geostrophic wind field is overestimated in his numerical model, especially at high latitudes, because the geostrophic wind neglects local curvature effects. He proposed the use of balanced winds, which can be calculated easily from the geopotential height field. Compared with calculations from geostrophic winds, the momentum flux and its divergence calculated from the balanced winds are reduced, and are in good agreement with those calculated for his system described by the primitive equations. Moreover, using geopotential height and temperature data sets derived from satellite observations, Randel [1987] showed that the use of the geostrophic wind overestimates the momentum flux and its divergence compared with the use of balanced winds.
In the calculation of balanced winds (u', v') for each wave number, we found that the equations can have a singularity at low latitudes and that this singular point moves poleward as the zonal wave number increases. Because of this singularity and the dominance of planetary waves in the stratosphere, we used balanced winds only for wave numbers 1 and 2 at high and middle latitudes (poleward of 30øS); for wave numbers 1 and 2 at low latitudes and for wave numbers 3-6 at all latitudes, we used the geostrophic wind approximation. As a zonal mean of the wind field we used the mean zonal gradient wind.
ZONAL MEAN CLIMATOLOGY
The seasonal evolution of the stratospheric circulation is much more repeatable in the southern than in the northern hemisphere. We briefly mention the vertical structure of the geopotential height field, the temperature field and the ozone field. data are presently available only in September and October. 1979 the maximum value is 3.6 ppm at 60øS in late October For each of the 6 years the ozone maximum, which is around and the minimum value is 2.2 ppm at 80øS in early September. 50øS at the beginning of September, slowly moves poleward, In 1980 the maximum value is reduced to 3.2 ppm at 55øS in reaching polar latitudes in late November or December. In early October and 3.5 ppm at 80øS in early December. The Figure  15a shows year-to-year variations of the zonal mean ozone mixing ratio at 80øS. The SBUV observations indicate a decreasing trend of the ozone mixing ratio in the whole stratosphere. Caution must be exercised in drawing a strong conclusion about a decrease in the ozone mixing ratio profiles because a systematic drift in the SBUV instrument may be at least partially responsible for the trend. Rather, we should pay attention to the high ozone mixing ratio in 1979 and 1982, which was observed especially in the middle stratosphere (30 and 10 mbar). As Figures 9-14 show, the seasonal marches of the dynamical quantities and ozone distributions are closely related to each other. The year-to-year variations of the zonal mean temperature (Figure 15b ) are similar to those of Figure  15a with high temperatures in 1979 and 1982 in the lower and middle stratosphere. Note that the compressed scale underemphasizes significant changes, which can reach 15 K in the middle stratosphere. The mean zonal wind speed at 60øS (Figure 15c) shows a close relation to these two. As we might expect from the dynamical relationships, colder temperatures at high latitudes are related to the strong westerlies. Moreover, these are related to the wave activity. Figure 15d shows the year-to-year variation of the vertical component of the E-P flux, which is a measure of the vertical propagation of planetary waves. Wave driving D F shows similar interannual variability to Figure 15a . Because the effect of wave activity should be considered to be cumulative, we chose an averaging period from August to October. It is evident that warmer temperatures, weaker westerlies and high ozone are associated with more vigorous wave activity. The ozone decrease in these years is probably true. However, if the year 1979 was the most active of the 6 years, these data by themselves may not be sufficient to demonstrate that there is a long-term trend.
CONCLUSIONS
We have investigated the climatology and interannual variability of dynamical factors and their effects on the ozone mixing ratio during the southern hemisphere spring. We have paid special attention to the Antarctic lower stratosphere where the decrease of the total ozone has been observed recently. Because the stratospheric circulation in the southern hemisphere is highly repeatable, it is reasonable to look at the seasonal change of a multiyear average as a first step.
Data have been presented on the seasonal evolution of the zonal mean circulation and ozone fields in the southern hemisphere lower stratosphere from late winter to late spring. Mechanistically, the data are consistent with the following picture. The wave driving DF is (negatively) large in middle latitudes of the upper stratosphere in September. As the zonal westerlies are decelerated, the wind structure is altered such that the maximum values are displaced downward and poleward as well as being reduced. As the zero wind line descends, the region of strong wave driving D F moves poleward and downward as the season progresses. The downward motions associated with the deceleration produce an adiabatic warming in the lower stratosphere, first at mid-latitudes, but increasingly poleward as time goes by. Additionally, these motions bring ozone-rich air down to the lower stratosphere, so that the warm regions have higher ozone mixing ratios, and the high ozone region moves toward the pole with time as the warm region does. Thus it appears that the changes are due to the seasonal changes in the wave-mean flow interaction, indicated by the wave driving.
In the synoptic description of the climatological field, the geopotential height field is almost circumpolar. On the other hand, in the temperature and ozone fields planetary wave number 1 (with a horse shoe shape) is prominent in the lower stratosphere; moreover, these two fields are in good positive correlation. The generation of the planetary wave 1 must be affected by the Antarctic continent whose shape has a strong wave number 1 component. Orographic effects or surface temperature contrast are two possible mechanism, but there may also be an effect of the surface albedo distribution.
Concerning interannual variability, the zonal mean ozone mixing ratio, the zonal mean temperature, the mean zonal gradient wind and the wave activity are related to each other. When there is vigorous winter/spring wave activity (1979 and 1982), the mean zonal wind is weaker, the zonal mean temperature is warmer and the zonal mean ozone is richer at high latitudes than those in a quiet winter/spring. Clearly, the zonal mean ozone at high latitudes is affected by the wave activity. have calculated a reversed cell for October 1980.) In that case, the minimum would also be related to less wave activity.
The ozone data show two long term trends. At the upper levels in Figure 15a there is a fairly steady downward trend. This is also seen at other latitudes; it may be due to instrument drift for the shorter wavelengths that provide the upper altitude information, or a real effect. We will not comment further on this. At the lower levels, the time mean effects appear to be driven by wave activity, consistent with the interannual variations that are seen. It does not appear impossible that a long-term trend in wave activity could lead to long term ozone changes at high southern latitudes. These results, then, indicate the dynamical effects play a large role in year-to-year variations of ozone at high latitudes, and perhaps in the long-term trend. They do not preclude a role for chemical effects over a longer period.
